aeruginosa classes, whereas EcpA and EcpB of strain ATCC 23834 most closely resemble MoraxeUla bovis pilins. These findings raise interesting questions about potential genetic transfer between different bacterial species, as opposed to convergent evolution.
Eikenella corrodens is part of the normal flora of the upper respiratory and gastrointestinal tracts of humans (7, 12) . It is a fastidious, facultatively anaerobic, gram-negative, rodshaped bacterium. This species has recently been found to belong to the family Neisseriaceae, and it is most closely related to the genera Neisseria and Kingella (6, 16, 36) . E. corrodens is now being reported more frequently as a pathogen, primarily causing abscesses (2, 3, 14) . It is also believed to play a role in dental pathogenesis by contributing to tissue destruction in periodontal disease (44, 46) . In many cases, E. corrodens is found in coinfections with other organisms, such as Streptococcus viridans and anaerobes (44) . It has been found as a sole isolate in blood, spinal and joint fluid, in cases of frontal sinusitis and orbital cellulitis, and in brain, abdominal, and neck abscesses as well as ascites (17, 18, 44) .
E. corrodens displays a number of phenotypic traits associated with type IV (MePhe) pili, among them natural competence for genetic transformation (48) , bacterial autoagglutination, agar pitting, twitching motility, and distinct spreading-corroding (SC) and smooth, non-spreading-corroding (N) colony morphology variants. These pili are proteinaceous surface appendages that have been shown to be virulence factors for Neisseria gonorrhoeae and many other species (45) . Members of the type IV class of bacterial pili are found on a variety of gram-negative bacterial species (5) , including N. gonorrhoeae (27) , Neisseria meningitidis (13), the classical moraxellae (22, 37, 49) , Dichelobacter nodosus (8, 14, 26) , Pseudomonas aeruginosa (32, 40) , and Vibrio cholerae (41) . The main structural subunits of these pili, termed pilins, have a highly conserved amino-terminal domain of 25 to 30 amino acid residues (13), while the C-terminal part contains variable DNA regions that rearrange by different forms of recombination (20, 30, 52 (23, 24) . In N. gonorrhoeae and N. meningitidis, diversification of pilins results from homologous recombination between a single pilin gene expression locus and multiple partial pilin gene alleles (45, 52) . Moraxella bovis and Moraxella lacunata each express one of two different pilin genes and can switch between them by an inversion of a 2.1-kb DNA fragment (9, 21, 37) . Recently, two type IV pilin genes were cloned from the E. corrodens type strain ATCC 23834 (35) .
The E. corrodens clinical strain 31745 (48) vividly expresses traits associated with piliation, such as distinct colony morphology variants. Because of its highly stable natural competence, we have routinely used this property for identification of new clinical isolates of E. corrodens by genetic transformation (48) . The aim of this study was the cloning, sequencing, and expression of potential pilin genes of this strain as a basis for further studies on piliation and adherence.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. E. corrodens 31745 was isolated from spinal fluid (48) . The strain was grown on 5% human blood agar (Difco, Detroit, Mich.) and identified as E. corrodens by genetic transformation (48 (38) . The phagemid EclA was chosen for in vivo excision of plasmid pBluescript with an insert, termed pEc2A. Size-fractionated SmaI fragments of pEc2A hybridizing to the pilin-specific PCR probe were obtained by electroelution from 1% agarose (SeaKem; FMC Bioproducts, Rockland, Maine). These fragments were ligated into SmaI-cleaved pGEM7, transformed into competent E. coli XL-lBlue cells, and selected on LB plates with carbenicillin. Cbr transformants were screened for hybridization to the M. nonliquefaciens pilin-specific PCR probe by a colony blot method (38) . The SmaI subclones pEcA4 and pEcB9, containing the same insert in opposite directions, were chosen for detailed analysis.
Plasmid DNA was isolated by the method of Bimboim and Doly (1) in Qiagen columns according to the manufacturer's recommendations. Restriction endonucleases were purchased from Bethesda Research Laboratories Inc.; New England Biolabs Inc., Beverly, Mass.; Boehringer Mannheim Biochemicals, Indianapolis, Ind.; or Promega, Madison, Wis. Restriction endonuclease digestions and agarose gel electrophoresis were performed as described previously (21) . DNA transfer from agarose gels to nylon membranes (Hybond-N; Amersham, Arlington Heights, Ill.) was done by a modification of the method of Southern (43) , with the Vacu-Gene System (Pharmacia-LKB, Piscataway, N.J.).
Hybridizations were performed as described previously (22) .
The PCR pilin probes were labeled with [a-2P]dCTP (Amersham) by use of a Megaprime kit (Amersham).
The DNA sequences of the insert regions of pEcA4 and pEcB9 were determined by the dideoxy chain termination method of Sanger et al. (39) . The primers T7 (5'-TAATAC GACTCACTATA-3') and SP6 (5'-TAAATCCACTGTGAT AT-3') were sequences in the pGEM7 vector flanking the insert. The primers TT25 (5'-AACGGTGTGATTACTGCC-3'), TT26, Ff27 (5'-GTGTAGCGACTGACCCGA-3'), and FT28 (5'-ATTCGGGTCAGTCGCTAC-3') were also used for sequencing, and their positions are shown in Fig. 3 (34) .
RESULTS Imaging E. corrodens surface proteins by electron microscopy. Electron micrographs demonstrating surface appendages consistent with pili on an E. corrodens 31745 SC variant (Fig. 1A) and no pili on a 31745 N variant (Fig. 1B) are shown. Similar to other type IV pili, these structures are 5 to 6 nm in diameter. These pili were very long and many times the length of the cell; we were unable to determine their exact lengths. Piliation did not seem to be peritrichous; however, there appeared to be multiple origins of bundles of pili on a single cell.
Cloning of the two E. corrodens 31745 pilin genes. Since type IV pilin genes are known to have a conserved N-terminal sequence, we used the pilin-specific PCR product of the N-terminal portion of the M. nonliquefaciens pilin gene as a genomic Southern hybridization probe to detect the equivalent E. corrodens pilin gene(s) (Fig. 2A) (42) , resulting in plasmid pEc2A. The 1.4-kb SmaI fragment which hybridized to the PCR probe was then further subcloned in each orientation into vector pGEM7, producing plasmids pEcA4 and pEcB9. A map of pEcB9 is presented in Fig. 3 .
Sequencing of the E. corrodens pilin gene clone. The sequence of the entire SmaI insert in both directions was obtained by using subclones and six oligonucleotides, whose positions are shown in Fig. 3 . The nucleotide sequence of the 1,351-bp SmaI fragment is presented in Fig. 4 , together with the predicted amino acid sequence encoded by the two tandemly arranged pilin genes contained on the fragment. Using previously established nomenclature, we named these pilin genes of strain 31745 ecpC and ecpD. The AAGG sequence present on the 5' side of the starting ATGs was (partly) homologous to known ribosome-binding sites in prokaryotes (11, 31) . The ecpC and ecpD genes were predicted to produce mature pilins of 145 amino acids with leader sequences of 8 and 7 amino acids, respectively.
Southern blot analysis with ecpA and ecpB as probes. PCR products of the cloned genes ecpC and ecpD of strain 31745 were used as hybridization probes for Southern analysis of strain 31745 DNA (Fig. 2B and C) . The resulting hybridization pattern was identical to that observed with the original M. nonliquefaciens PCR probe.
Western blot analysis. A BstXI deletion derivative of pEcB9 (pEcl) contains only ecpC, and a BstXI deletion derivative of pEcA4 (pEc2) contains only ecpD (Fig. 3) . As demonstrated in Fig. 5 , rabbit antiserum 130D, raised against purified pili of M. nonliquefaciens, reacted with a protein band of approximately 15 kDa in whole-cell extracts of E. coli containing pEcB9, pEcl, or pEc2. These 15-kDa bands comigrated with purified pili from M. nonliquefaciens. In contrast, E. coli containing the vector alone consistently made only very small amounts of a cross-reactive protein of this size (Fig. 5, lane 7) . DISCUSSION Phenotypic traits associated with pili were found in E. corrodens 31745, and structures that resembled type IV pili were detected by electron microscopy (Fig. 1) . Two tandemly duplicated pilin genes of E. corrodens 31745 were cloned and characterized. The two pilins appeared to be complete and were transcribed in the same orientation. The predicted amino acid sequence of both pilin subunits consisted of 145 amino acids of mature protein, with leader sequences of 8 and 7 amino acids for EcpC and EcpD, respectively. Cysteine loops were located at the extreme ends of the C termini, with EcpB possessing three cysteine residues. Western blot analysis showed that the E. corrodens 31745 pilin genes were expressed as proteins of approximately 15 kDa in E. coli, whether present in tandem (pEcB9 and pEcA4) or in single copy (pEcl and pEc2), and comigrated with the M. nonliquefaciens pilin protein (Fig. 5) . The expression of pilins from pEcl and pEc2 is probably due to promoters provided by the vector. Future studies will clarify whether both genes are normally expressed in E. corrodens and whether the resulting pilus structures are homopolymers or heteropolymers.
Comparison of the amino acid sequences of the pilins of E. corrodens 31745 showed greatly conserved N-terminal sequences as well as major differences in the hypervariable regions (Fig. 6) . The E. corrodens 31745 pilin protein EcpC had features of both N. gonorrhoeae (27, 29) and P. aeruginosa K122-4 (33) pilins, displayed moderate homology with E. corrodens 31745 EcpD (this study) and M. nonliquefaciens TfpA (49), and differed substantially from E. corrodens ATCC 23834 EcpA and EcpB (35) and pilins from D. nodosus serogroups A through H (8, 14, 24) , P. aeruginosa PAK, PAO, and P1 (33, 40) , M. bovis (11, 22) , and M. lacunata (37) . In contrast, E. corrodens 31745 EcpD diverged significantly from all other pilins investigated except that of P. aeruginosa K122-4 (33) .
The sequence divergence between the two pilins of E. corrodens 31745 contrasts strongly with the much higher homology found between pilins EcpA and EcpB of E. corrodens ATCC 23834 (35 nodosus, which also demonstrate low sequence homology (8, 14, 24) (Fig. 6 ). While most type IV pilin proteins from different strains of the same species are quite homologous (i.e., have high optimized scores), this was not the case for the E. corrodens 31745 EcpC and EcpD pilin proteins when compared with those of E. corrodens ATCC 23834. The only similar situation known to date exists between class I (serogroups A and C in Fig. 4) In considering the significance of the relative similarities and differences seen in the pairwise combinations of pilin proteins (including leader sequences) listed in Fig. 6 , the following features should be noted. A minimal baseline similarity exists in all true type IV pilins because of the highly conserved amino termini. The lowest common score in Fig. 6 Regardless of the exact selective pressures for specific pilin sequence similarities found between distantly related type IV pilus-containing bacteria, a second question is how these similarities have arisen. One possibility is that there is a finite range of pilin amino acid sequences that allow correct assembly of pilins into functional pili. In this case, the strong similarities between genera could be due to either chance matches of limited choices during evolution or convergent evolution toward the ability to optimally bind to similar receptors. However, since type IV piliation is also correlated with competence for transformation of naked DNA, it is possible that horizontal gene transfer may be occurring occasionally even between bacteria of different genera and families (25) . Once enough is known about codon usage in the different species harboring type IV pili, comparison of pilin gene codon usage to regular codon usage within the other genes of the same species may make it possible to determine whether independent evolution or horizontal gene transfer is the predominant mode of generating similar pilins in widely different bacteria.
